Extended phenotypes are traits that exist outside the physical body of the organism. Despite 1 3 their potential role in the lives of both the organisms that express them and other organisms 1 4
that can be influenced by extended phenotypes, the consistency and covariance with 1 5 morphological and behaviour traits of extended phenotypes is rarely evaluated, especially in 1 6 wild organisms. We repeatedly measured an extended phenotype that directly influences an 1 7 organism's prey acquisition, the web structure, of wild orb-weaving spiders (Micrathena 1 8 vigorsii), which re-build their webs each day. We related web structure traits to behavioural 1 9 traits and body size (length). Both web diameter and web density were repeatably different 2 0 among individuals, while reaction to a predation threat was slightly so, but response to a 2 1 prey stimulus and web symmetry were not. There was a syndrome between morphology and 2 2 web structure traits, where larger spiders spun webs that were wider, had webs with 2 3 increased thread spacing, and the spider tended to react more slowly to a predation threat. the northern side of a road (route number: 436) between 9 and 121 cm above the ground 1 3 1 (mean = 59 cm). We assume all individuals in our study are adult females, as males of 1 3 2
Micrathena spp. are much smaller and stop building webs upon reaching maturity 1 3 3 (Chickering 1961; Shelly 1984; Hodge 1987). Once we found an individual, we marked its 1 3 4 location with a piece of flagging tape with the unique ID of the spider written on it. This 1 3 5 allowed us to return and phenotype the same individual on different days without disrupting 1 3 6 the individual's behaviour by capturing it and marking it directly. While Micrathena spp. do 1 3 7 rebuild their orb each day, the "frame" of the web remains in place, and so the position of the 1 3 8 web will vary minimally day-to-day. When two individuals were close together, we used their 1 3 9 size measurements and notes on individual characteristics such as colouration and exact 1 4 0 web location to identify them. We are therefore confident that we were able to repeatably 1 4 1 find and identify the same individuals. We only conducted testing between 14:00-17:00, 1 4 2 after web construction should have been completed, limiting the impact the time of day could 1 4 3 have on variation in behaviour and web structure. 1 4 4
The first time we found an individual, we measured its length (to the nearest 0.01 1 4 5 mm) using a pair of callipers (Traceable, Fisher Scientific, PA, USA) held up against the 1 4 6 spider in its web. In 10/55 of cases (18.2%; mostly at the start of the study before the 1 4 7 callipers were available) we did not measure the length of the individual. Following this, we 1 4 8 1 7 1 of true capture area; see also: Venner et al. 2001 for estimating the total capture thread 1 7 2 length). We calculated web symmetry as the variance among the four counts of the number 1 7 3 of spirals; for this measure lower values indicate a more symmetrical web (the correlation 1 7 4 between this value and the coefficient of variation in spiral counts was 0.936). We also 1 7 5 counted the number of lines attaching the web to the surrounding vegetation and measured 1 7 6 the centre of the web's height from the ground, but we do not analyse these data here. 1 7 7
We returned to our transect regularly (but not quite daily), to locate and measure new 1 7 8 individuals and re-measure previously marked individuals. Not all individuals were located at 1 7 9 the same time and so were not measured on the same days. When re-measuring 1 8 0 individuals, we performed both behavioural tests and measures of the web described above, 1 8 1 but we did not re-measure their length, as we assumed it was relatively invariant at the time 1 8 2 scale we were working. Individuals' web structures and behaviours were measured on 1 8 3 average of 4.75 times (range 1-11, Fig. 1c ). If we could not see an individual, we removed 1 8 4 the flagging type and recorded it as gone. If an individual was found but had spun no orb 1 8 5 that day, we did not measure its behaviour or its web structure, but also did not remove the 1 8 6 flagging tape, allowing us to return and identify the indivdual. If an individual fled as we 1 8 7 approached it, we measured its web structure and then left, returning later in the session to 1 8 8 attempt to measure its behaviour. If we could not measure its behaviour that day, we 1 8 9 recorded "NA" for both responsiveness to prey and reaction to a predation threat. If the 1 9 0 spider fled from its web during the test for responsiveness to prey, we scored its 1 9 1 responsiveness to prey as 180, and its reaction to a predation threat as 1. Our reasoning 1 9 2 here is that a spider fleeing a potential prey item was both unresponsive to the opportunity 1 9 3 and unwilling to face any potential predation risk. In five instances we re-tested such spiders 1 9 4 once they had returned to the centre of the web, and in all cases they either fled again, or 1 9 5 did not respond to the prey stimulus within 180 seconds, justifying our decision. We also 1 9 6 tested whether these modelling decisions influenced our results, see "Robustness to 1 9 7 modelling decisions". In total we recorded 45 measures of length, 188 measures of 1 9 8 responsiveness to a prey stimulus (146 of which were directly observed rather than assigned 1 9 9 due to fleeing), 194 measures of reaction to a predation threat (146 of which were directly 2 0 0 observed rather than assigned due to fleeing), 200 diameters, and 197 measures of web 2 0 1 density and symmetry across 55 unique individuals (see Table 1 for means and variance of 2 0 2 each trait). the number of times individuals were tested for web structure. We first estimated the phenotypic correlations between each trait pair (Pearson's 2 1 9 correlations; Fig. 2 ). To partition these correlations to the among-individual, among-date, and 2 2 0 residual levels, we built a multivariate mixed model with each of the six traits as response 2 2 1 variables. Responsiveness to prey and reaction to predation used a Poisson error 2 2 2 distribution (log-link), while each web structure trait and body length used a Gaussian error 2 2 3 distribution. Web symmetry was log-transformed, and then this transformed variable, web 2 2 4 diameter, web density, and body length were mean centred and variance standardised 2 2 5 (Schielzeth 2010). We fitted the random effect of individual identity and estimated the 2 2 6 among-individual covariances among all six traits. We fitted the random effect of date and 2 2 7 estimated the among-date covariances among all traits except for length, which was only 2 2 8 measured on a single day per spider, and so we fixed the among-date variance to 0.0001. 2 2 9
We estimated the residual covariances between all traits, and also fixed the residual 2 3 0 variance for length to 0.0001, as it is only measured once per individual, following Houslay 2 3 1 and Wilson(2017). We estimated unique intercepts for each response variable. Spiders 2 3 2 might adjust their web structure or foraging behaviour over time as they gain information 2 3 3 about their foraging patch (Nakata and Ushimaru 1999). Therefore, we fitted trial number 2 3 4 (mean centred) as a fixed effect for each trait except length (which was only measured 2 3 5 once). The model was fitted in R (ver. 3.5.3; R Development Core Team 2016) with the 2 3 6 package "MCMCglmm" (Hadfield 2010). We used 550,000 iterations, a burn in of 50,000, 2 3 7 and a thinning interval of 100. Priors were set to be flat and relatively uninformative, with 2 3 8 70% of the phenotypic variance for the logged values of each trait placed on the residual 2 3 9 variance, 20% on the among-colony variance, and 10% on the among-date variance, 2 4 0 following Brommer (2017). We calculated adjusted repeatabilities (after accounting for trial 2 4 1 number) following Nakagawa and Schielzeth (2010). We repeated the analysis with all behavioural scores that were assigned when an individual 2 4 5 fled rather than were directly observed set to "NA". We also repeated this analysis with all 2 4 6 behavioural scores that were ceiling values (180 for responsiveness to prey, 24 for reaction 2 4 7 to a predation threat) set to "NA". In each case our results did not change (full results of the 2 4 8 original model are given in Table S1 , with these auxiliary results shown in Tables S2&3). We 2 4 9 therefore concluded that assigning behavioural scores to spiders that fled and giving 2 5 0 unresponsive spiders the maximum score for each behaviour had not biased our results. We 2 5 1 also repeated the original analysis without estimating any among-date covariances (as none 2 5 2 were different from zero; see Table S1 & Fig. S1 ). This too did not change our results ( Table  2  5 3 S4), indicating that estimating the among-date covariances had not reduced our power and 2 5 4
prevented us from detecting any other among-individual or residual covariances. As such we 2 5 5 prey, reaction to predation, and somewhat so for web density (Fig. 3 ), but no among-date 3 0 5 covariances were different from zero ( Fig. S1 ). Individuals may show consistent differences in aspects of their behaviour, but whether their 3 2 1 extended phenotypes are repeatable and covary with other behavioural traits is not well 3 2 2 studied. We found that individual Micrathena vigorsii have consistent differences in their web 3 2 3 diameters and web densities. These two web traits are correlated among-individuals into a 3 2 4 syndrome with body length, and possibly reaction to a predation stimulus, indicating they 3 2 5 might represent a single axis of variation. Responsiveness to a prey stimulus and web 3 2 6 symmetry were not repeatable among-individuals and so were not associated with any traits 3 2 7 among individuals. as the residual variance of body length was suppressed to 0.0001 it cannot covary at the 3 3 2 residual level with the other traits, and so is not plotted here. and Dingemanse 2014). The relationship between body length and web diameter suggests a 3 4 0 simple biomechanical relationship between the size of spider (and perhaps the size of the 3 4 1 steps it takes) and the resulting web it spins. This may naturally cause a wider web to be 3 4 2 less dense, as a similar amount of silk is then spread over a larger area. However, if the 3 4 3 relationship between web diameter and density was purely due to silk limitation, we would 3 4 4 expect to see this trade-off at each level (among-date and residual) as well as at the among-3 4 5 individual level. Yet, we did not. This hypothesis also does not explain why reaction to a 3 4 6 predation threat might be associated into the syndrome. Instead, variation in this size and 3 4 7 stubbornness syndrome may represent an active strategy by larger individuals to catch 3 4 8 larger and more nutritious, but possibly more dangerous, prey. 3 4 9
The density of a web may influence the type or size of prey it captures (Uetz et al. To predict how the syndrome might evolve, we need to know the degree to which it is syndrome as they age, spinning wider and less dense webs (and possibly reacting less to 3 6 9 predation) as they grow. For example, in the orb-web spider Zygiella x-notata, webs have a 3 7 0 shorter total thread length, become less regular, and have more "anomalies" as individuals Some of the consistent variation in web structure we observed could be due to by 3 7 9 variation in microhabitat, as in our study individuals were only ever assayed in one 3 8 0 environment. Some variation in the amount of space a spider had to spin a web, the 3 8 1 available structural supports, or some microclimatic factor, could cause consistent DiRienzo 2016) also found consistent differences among-individuals in spider web structure, 3 8 5 but in a laboratory setting. Such a setting should hypothetically control for variation in 3 8 6 microhabitat, and so microhabitat variation could not be an explanation for consistent 3 8 7 differences in individual web structure in their study; raising the possibility that microhabitat 3 8 8 use may not fully explain our results either. Furthermore, a spider may select the 3 8 9 microhabitat that allows the spinning of a web of a certain structure (see also "niche 3 9 0 construction" Odling-Smee et al. 2003; Saltz and Nuzhdin 2014). Therefore, while web 3 9 1 structure and microhabitat could covary, this could still depend on the spider's decision 3 9 2 making, and so would still be classed as a trait of the spider, not as one driven by the 3 9 3 environment. 3 9 4 0
Our results are generally in agreement with previous work. DiRienzo and Montiglio 3 9 5 (2016) found consistent differences among-individuals in web structure, and that black 3 9 6 widow spiders (Latrodectus hesperus) with longer femur-patellas build webs with more 3 9 7 gumfooted lines. We also found consistent differences among-individuals in web structure, 3 9 8 and a positive relationship between body size and web size. We therefore tentatively 3 9 9
suggest that these two elements could be general features of intra-population variation in 4 0 0 spider webs. More studies in other taxa with different extended phenotypes are required to 4 0 1 determine whether, within a population, larger individuals usually build bigger nests or larger 4 0 2 dams, and so on. DiRienzo and Montilgio (2016) also found that a higher number of 4 0 3 gumfooted lines is associated with increased foraging aggression. However, Montiglio and 4 0 4
DiRienzo (2016), also in L. hesperus, found a higher number of both gumfooted and 4 0 5 structural lines is associated with decreased foraging aggression, while boldness was not 4 0 6 associated with any web characteristics. Given that the relationship between behaviour and 4 0 7 web structure we detected overlapped with zero, and that responsiveness to a prey stimulus 4 0 8
was not associated with web structure, in aggregate it seems there is yet no clear pattern in 4 0 9
how web structure and behaviours are associated among-individuals. 4 1 0
The residual covariances between web diameter, web density, and web symmetry 4 1 1 indicates that when a spider builds a relatively larger web (relative to its own typical web 4 1 2 diameter) it also builds a relatively less symmetrical and less dense web. A spider may 4 1 3 struggle to apply its usual web spinning strategy at a greater spatial scale without making 4 1 4 mistakes, and so created a less symmetrical and less dense web when it tries to make a 4 1 5 larger web than usual. Alternatively, our measure of web symmetry could reflect the amount 4 1 6 of contact with prey the web experienced that day (webs are typically spun in the morning, 4 1 7 and all web measurements were taken in the afternoon). M. vigorsii do not leave prey 4 1 8 remains in their web (DN Fisher, pers obs.), but contact with prey, whether leading to a 4 1 9 successful capture or not, leads to the removal of spirals and radii. The removal of these 4 2 0 threads reduces density, as well as change the number of spirals along one axis but not 4 2 1 others, giving the impression of a less symmetrical web. A greater rate of contact with prey 4 2 2 would be expected with larger webs as they cover a greater area, but we would perhaps 4 2 3 expect this covariance to be present at the among-individual and among-date levels as well 4 2 4 as at the residual level. We therefore cannot identify what process might be driving the 4 2 5 residual covariances between web diameter, density, and symmetry at this time. 4 2 6
We note here that correlated measurement error can give residual covariances 4 2 7 between traits. We think this is unlikely to have occurred here, as web diameter and the 4 2 8 other measures of web structure were measured using different tools, and web density and 4 2 9 web symmetry were calculated once we had returned from the field. This reduces the 4 3 0 chance that we could make mistakes that simultaneously influenced all measurements. 4 3 1
Further, previous work has suggested that spiders spin webs suited for defence rather than web density and responsiveness to prey in our analysis, but responsiveness to prey did not 4 3 5 covary with these traits at the residual (or any) level. This suggests M. vigorsii does not 4 3 6 simply reduce the investment in its web and its responsiveness to prey following a day 4 3 7
where it captured prey, though this would need to be confirmed experimentally. 4 3 8
There was a phenotypic correlation between responsiveness to prey and reaction to We found that M. vigorsii show consistent among-individual differences in aspects of web 4 5 0 structure, and that there is a syndrome between web structure and morphology such that 4 5 1 larger individuals spin wider and less dense webs. These may be general features of intra-4 5 2 population (co)variation in morphology and extended phenotypes and could represent 4 5 3 among-individual variation in foraging strategies or aging-dependent changes in various 4 5 4 aspects of the phenotype. Reaction to a predator stimulus was very slightly repeatable and 4 5 5 this trait may be integrated into the among-individual syndrome with morphology and web 4 5 6 structure, but uncertainty was high. These results highlight how extended phenotypes can be 4 5 7
integrated into general suites of trait variation, and so selection likely acts upon these traits 4 5 8 in concert. We also found that when a spider builds a relatively wider web the web is also 4 5 9
relatively less dense and less symmetrical, suggesting spiders building relatively larger webs 4 6 0 make more mistakes than when building a web closer to the average size for that individual. 4 6 1
Responsiveness to a prey stimulus and web symmetry were not consistently different 4 6 2 among-individuals, and so are completely plastic or environmentally determined traits that 4 6 3
are not based on more stable individual characteristics. Extended phenotypes like the web 4 6 4 traits evaluated here represent a suite of biological traits that have perhaps been under-4 6 5 studied in the past literature on individual variation, yet these traits represent important 4 6 6 biological variation that can play key roles in organisms' lives and in ecosystems more 4 6 7
broadly. Here we have demonstrated that, in a population of wild organisms, aspects of an 4 6 8 extended phenotype are integrated into a syndrome with morphological, and possibly 4 6 9 behavioural, traits. Therefore, our expectations for selection on and evolution of extended analysis of plasticity, personality and predictability in hermit crabs. Anim Behav. 86(1):47-54. 
